Abstract The demand for clean, safe and sustainable alternative control measures of postharvest diseases of fruit has increased in recent years, and the use of UV-C irradiation is a potential option. This study focused on evaluating UV-C dose effect on in vitro and in vivo development of fungi species and also on postharvest decay on mango cv. Tommy Atkins. The evaluated fungi which cause decay were as follows: Botryosphaeria dothidea, Lasiodiplodia theobromae, Alternaria alternata and Colletotrichum gloeosporioides. Fungus mycelium was exposed to increasing doses of UV-C irradiation: 0 (control), 2.0, 3.0, 5.0, 10.0 and 20 kJ m -2 . L. theobromae and A. alternata received dose up to 59.7 kJ m -2 . Mangos artificially inoculated with B. dothidea were treated with doses of UV-C irradiation: 0.0, 0.5, 1.0, 2.5, 5.0, 7.5 e 10.0 kJ m -2 and stored at 10°C for 15 days and for 2 days at 22°C, observing the rot on daily basis. The trials were conducted in a completely randomized design with six replicates for in vitro tests and four replicates with seven fruit as experimental unit. The in vitro trials demonstrated that even high dose of UV-C (20 kJ m -2 ) was not able to control the fungi development. Nonetheless, low dose of UV-C irradiation at 2.5 kJ m -2 controlled around 70 % of fruit rot severity. Higher doses ([5 kJ m -2 ) caused damage on mango peel increasing the rot severity. Results suggest that, the application of low dose (\3 kJ m -2 ) of UV-C irradiation can contribute to the integrated management of postharvest diseases on mango, and that, the mechanisms of control involved are not directly related to the fungi development.
Introduction
In 2013, Brazil produced about 1.2 million tons of mangos and exported around 122,000 tons [1] and is considered the seventh biggest producer in the world, accounting for 3 % of total mango production [11] .
It is well known that during fruit development fungal infections occur, which remain quiescent within the tissue, with the possibility to develop and cause rot during transportation and storage, thus causing serious losses to producers and exporters of mangos. Therefore, to avoid the appearing of these diseases it has been used, preventive and indiscriminately, postharvest fungicides, contaminating the fruit.
Currently, consumers demand fruits free of chemical residues, due to the threat to human health which these synthetic products represent. Such situation has stimulated the scientific study of strategies for an alternative control of postharvest diseases.
Among these strategies, the ultraviolet-C (UV-C) irradiation has demonstrated to be a potential when used in optimized or hormic doses, inducing favorable biological responses to conservation on the fruits, increasing the internal resistance of fruit tissue [10] , as well as preserving the color and texture [5, 6] .
However, the effect of UV-C treatment on mango has been little studied. In this sense, the present work focuses the evaluation of UV-C dose effect on in vitro development of fungi species causing postharvest decay on mangos and the optimization of the dosage and time of exposure to UV-C irradiation on Tommy Atkins mangos to control postharvest disease without leaving toxic residues.
Methodology
The species of fungi studied in vitro were as follows: Botryosphaeria dothidea, Lasiodiplodia theobromae, Alternaria alternata and Colletotrichum gloeosporioides. Petri dishes containing the active fungi growth on PDA (Potato Dextrose Agar) medium were opened and received increasing doses of UV-C irradiation: 0 (control), 2.0, 3.0, 5.0, 10.0 and 20 kJ m -2 . L. theobromae and A. alternata received dose up to 59.7 kJ m -2 . After the treatments, the dishes were sealed and incubated under 25 ± 2°C and 12-h light dark -1 light regime, evaluating daily the fungi development, by measuring the mycelium growth.
The UV-C irradiation treatments were carried out in a UV-C prototype equipment which consisted of acrylic box with a reflecting surface at the top, one low-pressure germicidal lamp (Osram Puritec HNS, 36-watt and 253.7 nm wavelength emission peak). Mangos were placed 46 cm from the UV-C lamp for treatment, the light intensity was kept constant and the applied doses varied by modifying the exposure time. UV-C irradiation was measured using radiometer (UVx digital Newport Optical Power Meter, Model 1830C).
Mangos from commercial groves in the semiarid region of São Francisco River Valley (Pernambuco, Brazil) were previously disinfected with sodium hypochlorite solution and then rinsed in sterile distilled water. PDA disks, containing mycelium of B. dothidea in active growth, were deposited on the wound (1 9 2 mm, deep 9 wide) previously punctured along the equatorial region of each mango and afterward the inoculated fruits were kept in a moist chamber for 12 h (22 ± 2°C e 100 % of the relative humidity). The mangos samples received the following doses of UV-C: 0.5, 1.0, 2.5, 5.0, 7.5 and 10.0 kJ m -2 . During the irradiation, fruits were individually rotated on their longitudinal axis to expose the two separated sides of mangos to the same UV-C dose. After exposure to UV-C, fruits were packed in cardboard boxes, protected from light and stored for 15 days under refrigeration (10 ± 2°C and 80 ± 2 % of the relative humidity) and then 2 days in ambient conditions (22 ± 2°C and 70 ± 2 % relative humidity). The severity of the disease was evaluated by measuring the size of lesions on alternated days for the fruits stored under refrigeration and daily for those stored at room temperature. The experiments were conducted using six replicates for the in vitro essays and four replicates with seven fruits per set for the in vivo essay.
Results and Discussion

Effect of UV-C on Mycelial Growth Rate of Mango Postharvest Pathogens
As a whole, it was observed that, within the range of evaluated doses, UV-C irradiation did not inhibit mycelial growth of mango fungi.
For the species C. gloeosporioides and B. dothidea, there was a decreasing trend in the rate of mycelial growth with increasing doses of UV-C applied. However, to A. alternata a curious fact occurred, in which higher doses of UV-C evaluated, appear to have stimulated the development of this fungus. In the case of L. theobromae, it was observed a similar behavior and a decreasing trend in the rate of growth from a dose of 59.7 kJ m -2 ( Fig. 1) . A similar result was obtained by Cia et al. [10] , using UV-C irradiation in doses of 0.4-2.4 kJ m -2 , with a fungicidal effect on C. gloeosporioides, but accelerated sporulation at 2.4 kJ m -2 . Basseto et al. [3] observed that the mycelial growth of Monilinia fructicola was stimulated at doses: 0.26, 0.52, 3.13 and 5.22 kJ m -2 , observing partial inhibition at 10.44 kJ m -2 . At this dose, a similar effect was caused on Rhizopus stolonifer, decreasing the development and a complete inhibition was observed at 31.32 kJ m -2 . Sharma and Tripathi [15] found that germination of conidia Fusarium oxysporum f. sp. Gladioli was inhibited gradually by UV-C doses of 0.37, 0.56, 0.84, 1.32 and 2.44 kJ m -2 , and total inhibition at higher doses (3.63, 4.98 and 7.59 kJ m -2 ).
The UV-C Irradiation Effect on the Control of Rot Caused by B. dothidea on 'Tommy Atkins' Mango
The UV-C irradiation applied on the inoculated mangos showed that lower doses (0.5-2.5 kJ m -2 ) had more satisfactory level of control of B. dothidea than higher doses. The mangos treated with 2.5 kJ m -2 , stored under refrigeration for 15 days and more 2 days under ambient conditions, showed a level of control of rot around 70 % (Table 1) .
Research has demonstrated this beneficial effect generated by the application of low doses of UV-C in various fruits, inducing hormesis and subsequent formation of resistance mechanisms and antifungal metabolites in the plant tissue. Khademi et al. [13] administered doses of 1-10 kJ m -2 on persimmon and observed that the optimal range for the induction of resistance against the disease is between 1.5 and 3 kJ m -2 . However, the optimal dose to be recommended will depend on the microorganism to be controlled and species of the fruit [14] .
Another factor to be considered is the fruit surface tissue damage caused by UV-C irradiation. Up to a dose of 2.5 kJ m -2 , the damage was nonexistent or very slight, however, higher doses caused more pronounced browning, which should have favored the further development of the pathogen. It was observed that rotating the fruit during application and keeping them in the dark for 1 h after irradiation, as recommended by Stevens et al. [16] , contributed for a better tolerance of the mango skin to UV-C irradiation. These results suggest that low doses of UV-C irradiation may have contributed to control the infection of mango by B. dothidea, slowing the development of the pathogen by inducing resistance mechanisms on fruit against postharvest diseases.
Similar results were observed with UV-C irradiation on 'Italy' grape, reducing Botrytis cinerea infection, C. gloeosporioides on 'Niagara Rosada' grape and Colletotrichum sp. on 'Kumagai' guava [9] . Bartinick et al. [2] recommend low doses of UV-C irradiation (0.375 kJ m -2 ), on apple when combined with hot water brushing at 50°C for 15 s, to control Cryptosporiopsis. perennans.
The effect of low doses of UV-C reported on the control of potato, onion, grapefruit, mandarin and apple postharvest pathogens, demonstrated that the treatment with UV-C irradiation has a direct action against microorganisms, and also can induce reactions improving resistance to pathogens, lessening the fruit rot development [4, 16] .
Charles et al. [7] exposing tomatoes to hormic dose of UV-C (3.7 kJ m -2 ) aiming the control of B. cinerea found that, immediately after the irradiation, there was an increased susceptibility to disease, but then, a gradual increase in resistance was observed due to accumulation of rishitin (sesquiterpene phytoalexin), reaching maximum concentration (46.23 mg/kg) at 15 days, declining to 3.5 mg/kg at 35 days.
The physico-chemical characteristics evaluated after 15 days of storage of fruit presented in Tables 2, 3 , basically indicate that the application of UV-C did not affect the fruit quality significantly.
A criterion for the selection of fruit is the appearance of the epidermis, i.e., discoloration and darkening. Such characteristics can be evaluated by the lightness (L).
According to the results shown in Table 3 , fruit exposed to doses from 5.0 kJ m -2 exhibited significantly lower lightness values than when exposed to lower doses and control, indicating the occurrence of the skin browning, which can make the fruit more vulnerable to the attack by fungi causing postharvest diseases. Charles et al. [8] indicated that UVC changed the amount and ultra structure of the epicuticular wax in tomato due to changes in chemical composition and that this may affect the surface reflectance characteristics. Khademi et al. [13] observed a decrease of L* (lightness) in persimmon, immediately after UV-C treatment (1.5 and 3 kJ m -2 ) related to a mild initiation of darkening on the fruit surface, interrupted during storage at low temperature. In preliminary tests, Khademi et al. [13] used doses of 0-10 kJ.m -2 , but small doses of UV-C caused low discoloration and darkening, satisfying the criteria for fruits selection. Gonzales-Aguilar et al. [12] stated that high doses of UV-C cause peel damage, accelerating the Tommy Atkins mango deterioration.
The results of this research confirm that hormetic doses of UV-C irradiation represent a potential means to control 
